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Abstract
We report the first detection of HC5
15N with the J = 9− 8 rotational line from the cyanopolyyne
peak in Taurus Molecular Cloud-1 (TMC-1 CP) using the 45-m radio telescope of the
Nobeyama Radio Observatory. The column density of HC5
15N is derived to be (1.9± 0.5)×1011
cm−2 (1σ). We apply the double isotope method to derive the 14N/15N ratios of HC5N and
HC3N in TMC-1 CP. The
14N/15N ratios are calculated to be 344± 53 and 257± 54 for HC5N
and HC3N, respectively. The
14N/15N ratio of HC5N is lower than the elemental ratio in the local
interstellar medium (∼ 440) and slightly higher than that of HC3N in TMC-1 CP. Since HC3N is
formed via the neutral-neutral reaction between C2H2 and CN, the slightly higher
14N/15N ratio
of HC5N may support our previous suggestions that the main formation mechanism of HC5N
is the ion-molecule reactions between hydrocarbon ions (C5H
+
n ) and nitrogen atoms.
Key words: astrochemistry — ISM: individual objects (Taurus Molecular Cloud-1) — ISM: molecules
1
1 Introduction
Carbon-chain molecules are unique species in the interstellar medium, and the studies
about their chemical mechanisms have been progressed mainly by radio astronomical ob-
servations. Survey observations showed that carbon-chain molecules are good chemical
evolutional tracers (Suzuki et al. 1992; Hirota et al. 2009; Tatematsu et al. 2017). Carbon-
chain molecules such as CCS are abundant in young low-mass dark clouds and decrease
in evolved star-forming cores. The tendency is explained by the chemical characteristics
of carbon-chain species; they are formed from carbon cations (C+) or carbon atoms (C)
(Suzuki et al. 1992), destroyed by the reactions with H+, He+, or O, and depleted onto dust
grains (Sakai & Yamamoto 2013). However, since carbon-chain species have unsaturated
bonds, they are unstable, and hence it is difficult to derive their main formation mechanisms
from laboratory experiments. Consequently, the chemical network model calculations about
carbon-chain molecules have large uncertainties despite many attempts.
Recent development of the radio astronomical equipment allows us to detect weak
lines, including isotopologues of carbon-chain molecules, within reasonable time. In or-
der to investigate main formation mechanisms of carbon-chain molecules using their 13C
isotopic fractionation (the differences in abundance among the 13C isotopologues), various
observations deriving 13C isotopic fractionation have been carried out in HC3N (Takano et
al. 1998), HC5N (Taniguchi et al. 2016a), CCH (Sakai et al. 2010), CCS (Sakai et al. 2007),
C3S, and C4H (Sakai et al. 2013) toward the cyanopolyyne peak in Taurus Molecular Cloud-
1 (TMC-1 CP; d = 140 pc), and in cyclic-C3H2 (Yoshida et al. 2015) toward the low-mass
star-forming region L1527 (d = 140 pc).
The main formation pathway of HC3N in TMC-1 CP was suggested as the neutral-
neutral reaction between C2H2 and CN, from the abundance ratios of [H
13CCCN] :
[HC13CCN] : [HCC13CN] = 1.0 : 1.0 : 1.4 (Takano et al. 1998). The observed abundance
ratios can be explained by the reaction of C2H2 + CN, because C2H2 has two equivalent
carbon atoms and 13C tends to concentrate in CN via the exothermic reaction between 13C+
and CN (Kaiser et al. 1991). Taniguchi et al. (2016b) also carried out observations deriving
13C isotopic fractionation of HC3N toward the low-mass star-forming region L1527 and the
high-mass star-forming region containing a hot core G28.28-0.36 (d= 3 kpc). They suggested
that the main formation pathways of HC3N in the both star-forming regions are the same
one as that in TMC-1 CP (C2H2 + CN).
On the other hand, Taniguchi et al. (2016a) proposed that the main formation mecha-
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nism of HC5N in TMC-1 CP is the ion-molecule reactions between hydrocarbon ions (C5H
+
n ;
n = 3− 5) and nitrogen atoms followed by the electron recombination reactions, based on
the observational results showing the abundance ratios of [H13CCCCCN] : [HC13CCCCN] :
[HCC13CCCN] : [HCCC13CCN] : [HCCCC13CN] = 1.00 : 0.97 : 1.03 : 1.05 : 1.16 (±0.19) (1σ).
In the proposed ion-molecule reactions, all carbon atoms in HC5N originate from the hy-
drocarbon ions. Such large hydrocarbon ions are produced through various processes, and
there is no reason that 13C is concentrated in a particular carbon atom in large hydrocarbon
ions. In other words, there should be no clear 13C isotopic fractionation. One difficulty us-
ing the 13C isotopic fractionation method is that the differences in the 12C/13C ratio of each
isotopologue are small, and we need long integration time to obtain spectra with sufficient
signal-to-noise ratios.
In the present letter, we report the first detection of HC5
15N from TMC-1 CP. We de-
rive its column density and the 14N/15N ratio of HC5N. From the
14N/15N ratio, we suggest
the ion-molecule reactions as the main formation mechanism of HC5N in TMC-1 CP also
suggested from our previous work of the 13C isotopic fractionation of HC5N.
2 Observations
We carried out observations of HC5
15N (J = 9− 8; 23.37544 GHz (Sanz et al. 2005)) with
the Nobeyama 45-m radio telescope during 2014 December and 2015 January (2014-2015
season)1. The observed position was (α2000, δ2000) = (04
h41m42.s49, 25◦41′27.′′0) for TMC-1
CP. The off-source position was set to be +30’ away in the right ascension. We checked the
telescope pointing every 1.5 hr by observing the SiO maser line (J = 1− 0) from NML Tau.
The pointing error was less than 3".
We used the H22 receiver, which enables us to obtain dual polarization data simul-
taneously. The H22 receiver is a single sideband (USB) receiver with its gain above 25 dB.
The beam size and the main beam efficiency (ηB) were 72" and 0.8, respectively. The system
temperatures were from 90 to 110 K, depending on the weather conditions and elevations.
We used the SAM45 FX-type digital correlator in frequency setups whose bandwidths and
frequency resolutions were 63 MHz and 15.26 kHz, respectively. The frequency resolution
corresponds to the velocity resolution of 0.2 km s−1.
1 Taniguchi et al. (2016a) described the observation date as 2014 March, April (2013-2014 season), December and 2015 January (2014-2015 season). In
2014 March and April, we carried out observations only in the 42 GHz band using the Z45 receiver. The observations in the 23 GHz band using the H22
receiver were conducted only in 2014 December and 2015 January; the data presented here were taken simultaneously with the normal species and the
five 13C isotopologues of HC5N in the 23 GHz band in 2014 December and 2015 January.
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We used the chopper wheel method. We then estimated the absolute intensity cali-
bration error at 10%, which is a typical value for the chopper wheel method.
We employed the Smoothed Bandpass Calibration (SBC) method (Yamaki et al. 2012).
The SBC method allows us to reduce the time for observing off-source positions. The scan
pattern was set as 20 seconds and 5 seconds for on-source and off-source positions, respec-
tively. We applied 60 channel-smoothing only for off-source spectra.
3 Results and Analysis
3.1 Results
The rotational line of HC5
15N was clearly detected with the signal-to-noise ratio of 7, as
shown in Figure 1. The on-source integration time is 45 hours 2 minutes, and the rms noise
level in the line-free region is 2.4 mK in T∗A with the velocity resolution of 0.2 km s
−1. We
fitted the spectra with a Gaussian profile, and obtained the spectral line parameters. The
value of VLSR of the line is 5.7± 0.3 km s
−1, which is consistent with the systemic velocity
of TMC-1 CP (5.85 km s−1). The peak intensity (T∗A), the line width (FWHM), and the inte-
grated intensity (
∫
T∗Adv) are 17± 2 mK, 0.42± 0.07 km s
−1, and 0.007± 0.002 K km s−1 (1σ),
respectively. The errors of the line parameters were derived from the Gaussian fitting.
We verified the line identification from the line width and rest frequency. First, the
derived line width (0.42± 0.07 km s−1) is consistent with the typical value in TMC-1 CP
(0.5 km s−1, Kaifu et al. (2004)) and the spectrum does not appear a spiky instrumental
spurious. Second, there is no other detectable line in TMC-1 CP in the 23.35−23.4 GHz band
according to the Splatalogue database for astronomical spectroscopy2. Thus, we concluded
that the detected emission line should be identified as HC5
15N.
3.2 Analysis
We calculated the column density assuming the local thermodynamic equilibrium (LTE). We
used the following formulae (Taniguchi et al. 2016a):
τ = −ln
[
1−
T∗A
f ηB
{
J(Tex)− J(Tbg)
}
]
, (1)
where
J(T) =
hν
k
{
exp
( hν
kT
)
− 1
}−1
, (2)
2 http://www.cv.nrao.edu/php/splat/
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Fig. 1. Spectra of HC5
15N (J = 9− 8) in TMC-1 CP. Upper; The horizontal axis is the velocity unit. The vertical line shows the systemic velocity of TMC-1 CP
(5.85 km s−1). Lower; The horizontal axis is the frequency unit. The vertical line indicates the rest frequency of the line (23.37544 GHz, Sanz et al. (2005))
and
N = τ
3h∆v
8pi3
√
pi
4ln2
Q
1
µ2
1
Jlower + 1
exp
(Elower
kTex
)
×
{
1− exp
(
−
hν
kTex
)}−1
. (3)
In Equation (1), T∗A denotes the antenna temperature, f the beam filling factor, ηB the main
beam efficiency (0.8, Section 2), and τ the optical depth. Since a size of the emitting region
of carbon-chain molecules in TMC-1 CP is approximately 2.5’ according to the mapping
observations by Hirahara et al. (1992), we used 0.8 for f. Tex is the excitation temperature,
Tbg is the cosmic microwave background temperature (≈ 2.7 K), and J(T) in Equation (2) is
the Planck function. In the calculation, we adopted the excitation temperature of 6.5 K of the
normal species (Taniguchi et al. 2016a). In Equation (3), N denotes the column density, ∆v
the line width (FWHM), Q the partition function, µ the permanent electric dipole moment of
HC5
15N (4.33 D; Alexander et al. 1976), and Elower the energy of the lower rotational energy
level.
The derived column density of HC5
15N is (1.9± 0.5)×1011 cm−2 (1σ). The 14N/15N
ratio of HC5N is determined to be 323± 80 (1σ), using the column density of the normal
species ((6.2 ± 0.3) × 1013 cm−2, Taniguchi et al. 2016a). Taniguchi et al. (2016a) derived
the optical depth of the normal species to be 1.084± 0.014 (1σ), and the uncertainty of the
column density of the normal species should be small. The errors contain the 1σ errors from
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the Gaussian fitting and the 10% absolute intensity uncertainty from the chopper wheel
method.
4 Discussion
4.1 Deriving the 14N/15N ratio of HC5N using the double isotope method
The 14N/15N ratios are often derived with the double isotope method, using the two iso-
topologues (e.g., Hily-Blant et al. 2013). In the case of HC5N, we can calculate five cases
independently, and reduce the uncertainty in the 14N/15N ratio statistically. We observed
the normal species, the five 13C isotopologues, and the 15N isotopologue simultaneously.
Therefore, we can exclude the pointing and calibration errors. We calculated the 14N/15N
ratios of HC5N with the double isotope method, using the following formula:
HC5
14N
HC5 15N
=
〈HCm 13CCnN
HC5 15N
×
HC5
14N
HCm 13CCnN
〉
(4)
where m,n=0− 4 (m+n=4). In Equation (4), HC5
14N/HCm
13CCnN represents the
12C/13C
ratios (column of 12C/13C in Table 1, taken from Taniguchi et al. (2016a)). We derived
HCm
13CCnN/HC5
15N using the integrated intensities (column of x/HC5
15N in Table 1),
because both 15N and 13C isotopologues are optically thin. < > denotes the mean value.
We calculated the HC5
14N/HC5
15N ratio in the case of m = 0 and n = 4 using Equation
(4). We repeated the calculations until m = 4 and n = 0, and finally we averaged the five
HC5
14N/HC5
15N ratios. The calculated five 14N/15N ratios of HC5N are summarized in
Table 1 (column of 14N/15N), and these values are consistent with each other. The averaged
14N/15N ratio of HC5Nwas derived to be 344± 53 (1σ). The derived
14N/15N ratio of HC5N
using the double isotope method is consistent with 323± 80 (1σ) derived in Section 3.2. The
14N/15N ratio of HC5N in TMC-1 CP is smaller than that of the elemental ratio of ∼ 440
(Marty et al. 2011).
4.2 Comparison of the 14N/15N ratios
We also derived the 14N/15N ratio of HC3N in TMC-1 CP using the double isotope method
from the previous observational results with the Nobeyama 45-m telescope. We derived the
integrated intensity ratios (column of x/HC3
15N in Table 2) using the J = 4− 3 rotational
transition at the 36 GHz band from Kaifu et al. (2004). Takano et al. (1998) observed the
normal species and the three 13C isotopologues of HC3N, and derived the three
12C/13C
ratios. We assumed that the error in the result of Kaifu et al. (2004) is 20%. The derived three
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Table 1. The integrated intensity ratios between the five 13C
isotopologues and 15N isotopologue, 12C/13C ratios, and
14N/15N ratios of HC5N
13C isotopologues (X) X/HC5
15N 12C/13C 14N/15N
H13CCCCCN 3.6 (0.5) 98 (14) 352 (98)
HC13CCCCN 3.4 (0.6) 101 (14) 345 (96)
HCC13CCCN 3.5 (0.5) 95 (12) 331 (90)
HCCC13CCN 3.6 (0.5) 93 (13) 337 (94)
HCCCC13CN 4.2 (0.6) 85 (11) 355 (96)
Average value 344 (53)
The numbers in parenthesis represent one standard deviation. The
integrated intensities of 13C isotopologues of HC5N and the
12C/13C
ratios were derived by Taniguchi et al. (2016a).
14N/15N ratios of HC3N are listed in Table 2 (column of
14N/15N).We estimated its 14N/15N
ratio to be 257± 54 (1σ).
We derived the column density of HC3
15N using Equations (1) - (3) and the line pa-
rameters of its J = 4− 3 rotational line taken from Kaifu et al. (2004). We used the line,
because we can assume that the filling factor is almost unity. We then used the beam filling
factor of unity and themain beam efficiency of 0.83. We used the excitation temperature of its
normal species (7.1 K, Takano et al. 1998). We assumed that the uncertainty of the integrated
intensity is 20%. The derived column density of HC3
15N is (5.9± 0.5)×1011 cm−2. The col-
umn density of the normal species is (1.6± 0.1)×1014 cm−2 (Takano et al. 1998). Therefore,
the derived 14N/15N ratio of HC3N is 270± 57 (1σ)
4. The 14N/15N ratios derived by the two
methods are well consistent with each other.
4.3 Main formation mechanism of HC5N
The elemental 14N/15N ratio in the local interstellar medium was estimated to be 441± 6
from the solar wind (Marty et al. 2011). In addition, although the 14N/15N ratio of CN
could not be derived due to a non-thermal intensity ratio of the hyperfine lines of the nor-
mal species of CN in TMC-1 (Savage et al. 2002), 15N generally tends to concentrate in CN
molecules in cold environments (Rodgers & Charnley 2008). The 14N/15N ratio of HC3N
in TMC-1 CP is smaller than that of the elemental ratio of 441± 6 (Marty et al. 2011). The
3 http://www.nro.nao.ac.jp/ nro45mrt/html/prop/eff/eff_before2001.html#period5
4 We divided the integrated intensity of HC3
15N by a scaling factor of 1.3 to correct the difference between Takano et al. (1998) and Kaifu et al. (2004). The
scaling factor of 1.3 was derived by comparison of the integrated intensities of H13CCCN (J = 4− 3) between Takano et al. (1998) and Kaifu et al. (2004).
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Table 2. The integrated intensity ratios between the five 13C
isotopologues and 15N isotopologue, 12C/13C ratios, and
14N/15N ratios of HC3N
13C isotopologues (X) X/HC3
15N 12C/13C 14N/15N
H13CCCN 3.2 (0.4) 79 (11) 253 (62)
HC13CCN 3.5 (0.5) 75 (10) 265 (64)
HCC13CN 4.6 (0.7) 55 (7) 254 (60)
Average value 257 (54)
The numbers in parenthesis represent one standard deviation. The
integrated intensity ratios between the 13C and 15N isotopologues were
derived using the results of Kaifu et al. (2004). The 12C/13C ratios were
derived by Takano et al. (1998). The 14N/15N ratios were derived in this
paper.
results suggest that N in HC3N does not come from nitrogen atoms, but originates from CN,
which agrees with the HC3N formation pathway suggested from the
13C isotopic fraction-
ation (Takano et al. 1998). In addition, the small 14N/15N ratio of HC3N implies that
15N is
concentrated in CNmolecules in TMC-1 CP, as suggested by the model calculation (Rodgers
& Charnley 2008). On the other hand, the derived 14N/15N ratio of HC5N in TMC-1 CP is
slightly higher than that of HC3N in TMC-1 CP, if we take the ratio determined from the
double isotope method. Hence, the results may suggest that the main formation mechanism
of HC5N is different from that of HC3N.
The possible formation pathways of HC5N in TMC-1 CP were discussed in Taniguchi
et al. (2016a), and they categorized the pathways into three mechanisms as following:
Mechanism 1: the reactions of C4H2 + CN,
Mechanism 2: the growth of the cyanopolyyne carbon chains via C2H2
+ + HC3N, and
Mechanism 3: the reactions between hydrocarbon ions and nitrogen atoms followed by elec-
tron recombination reactions.
Only Mechanism 3 does not contain CN molecules intrinsically, and N in HC5N originates
from nitrogen atoms. The derived 14N/15N ratio of HC5N in TMC-1 CP (344 ± 53 (1σ))
suggests that Mechanism 3 dominates the formation of HC5N. The small difference in the
14N/15N ratio between HC5N and the elemental ratio seems to imply that the reactions con-
taining CN molecules (Mechanisms 1 and 2) partly contribute to the formation of HC5N, as
suggested by Taniguchi et al. (2016a).
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5 Conclusions
We have detected HC5
15N from TMC-1 CP for the first time in the interstellar medium. Its
column density is derived to be (1.9± 0.5)×1011 cm−2 (1σ). The 14N/15N ratio of HC5N is
calculated to be 323± 80 (1σ). In addition, we evaluate its 14N/15N ratio using the double
isotope method, and the value is determined at 344± 53 (1σ). The 14N/15N ratios derived
from the column density and the double isotope method are consistent with each other. We
also derived the 14N/15N ratio of HC3N in TMC-1 CP using the previous observational re-
sults. The ratio is derived to be 257± 54 (1σ) from the double isotope method. The 14N/15N
ratio of HC3N is derived to be 270± 57 (1σ) using the column density. The double isotope
method resulted in slightly higher 14N/15N ratio of HC5N than HC3N in TMC-1 CP. The
results may support our previous work, proposing that the main formation mechanism of
HC5N is the ion-molecule reactions between hydrocarbon ions and nitrogen atoms followed
by the electron recombination reactions, but other formation pathways including CN partly
contribute to the formation of HC5N.
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